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NAEC-92-161
SUMMARY ‘

A. GENERAL. The object of this program was to conduct an evaluation of charg-
ing techniques applicable to sealed mini-nickel cadmium batteries in the zero
to five ampere-hour range. All tests and investigations were conducted on sin-
gle Sub "C" classification cells of eight different manufacturers. The capacity
of the cells tested was not greatly affected by any particular charge method. A
further result was that cells exhibited higher variations of performance when
compared to one which had outstanding stability under all tes* conditions.
Further study is recommended to investigate the actual performance of batteries
using mini-nickel cadmium cells produced for field use. As a result, new stan-
dards for sealed mini-nickel cadmium battery performance should be evolved for
rechargeable battery systems.

B. PROCEDURES AND RESULTS.

1. Many approaches were reviewed in search for the optimum mode for charg-
ing sealed mini-nickel cadmium batteries. They were:

a. Positive pulse mode

b. Romanov mode (asymmetrical)

¢. McCulloch mode '
d. Constant current mode (for comparisons)

2. The key parameters selected and monitored for each charging mode were:

a. Pulse frequency

b. Average net charge rate

c. Instantaneous charge pulse amplitude
d. Pulse duty cycle

e. Charging time

3. The positive pulse mode charging was conducted with a General Research
Laboratories (GRL) positive pulse charger (GRL-P1). The Romanov mode charging
was conducted with an asymmetrical pulse charger. The McCulloch mode charging
was conducted with a GRL positive and negative pulse charger (GRL-P1/N). The i
constant current mode charging was conducted with a laboratory current regulated
DC power supply. In each test the discharge was conducted with a constant cur-
rent power supply driving a fixed load resistor in series with the cells under
discharge. Measurement accuracy was within 1% for current and voltage.

4. A series of statistical analyses was conducted to indicate the relative
merits of the four charging modes. Several parameters of significant impor-
tance constitute the bases of the analyses. The program of 66 different tests
was performed on 10 cells. The output capacity of each cell in ampere hours
was measured and the variations of output capacity were computed.
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NAEC-92-161

5. Table 1 shows each cell's maximum and minimum output capacities and
the variation recorded during this program:

TABLE 1. TABLE OF RESULTS FOR MAXIMUM AND MINIMUM
OUTPUT CAPACITY VALUES

OUTPUT CAPACITY
NO. OF MAXIMUM MINIMUM VARIATION
TEST CYCLES| METHOD OF METHOD OF BETWEEN
CELL MFG PERFORMED* CHARGE AH CHARGE AH |MIN. & MAX.
Positive
GE 64 Pulse & 1.10| Positive 0.90 0.20
Romanov Pulse
Constant
SANYO 66 Current & [1.46|Asymmetrical{0.92 0.54
Asymmetrical
Congtant
GOULD 66 Asymmetricalll.. 4| Current 0.84 0.60
Positive Positive
HITANICA 32¢ Pulse 1.51] Pulse 0.85 0.66
Constant
PANANJCA 66 Current 1.72|Asymmetrical}l.02 0.70
Constant Positive
SAFT B 66 Current 1.50|{ Pulse 0.78 0.72
: Constant
SAFT L 66 Current 1.56| Asymmetrical/0.83 0.73
Constant Constant
MARATHON 44 Current 1.40| Current 0.28 1.12

* The above results were obtained during the course of 66 different
tests.
t Introduced at cycle 35.

a. The GE cell was stable under all test conditions; it was remarkably
consistent in output capacity, independent of the mode of charging, and had the
lowest stability variance of output capacity. The Sanyo cell was second in sta-
bility it maintained its capacity above 1 AH in 63 tests.

b. The Gould and Pananica cells improved with testing.

c. The Saft B and Saft L cells deteriorated after 39 and 50 test
cycles respectively. The Saft L cell maintained 1 AH output capacity for
50 test cycles.

d. The Hitanica cell was subjected to the last 32 tests and maintained
1 AH output capacity until the next-to-last test.

e. The Marathon cell (Marathon 1) degraded after 25 tests (did not re-
cover), and was removed from the test fixture after 44 test cycles. It was sub-
sequently replaced by another Marathon cell (Marathon 2) in test 47; Marathon 2
tests are not included in the above table.

6. The test with widest variation of output capacity was with a high-rate
constant current charge of 4 amps for 22.5 minutes, for a range of 0.64 tou 1,38
AH (Test 64)., The test with the minimum variation of output capacity was with
a high-rate constant current charge of 6 amps for 14 minutes, for a range of
1.02 to 1.24 AH (Test 17).
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I. INTRODUCTION

A. The purpose of this investigation was to determine if an optimum method
could be found to recharge mini-nickel cadmium battery cells. A review of
practical techniques shows that charging equipment may be classified in four
categories: direct current, positive pulse, asymmetrical, and positive pulse
with negative pulse charging modes.

B. A group of cells was obtained from each of the following battery manufac-
turers: General Electric, Gould, Marathon, Hitanica, Pananica, Saft, and
Sanyo. The cells were characterized at standard conditions and then subjected
to numerous recharge regimes to see if any significant changes in performance
could be found.
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IT1. EQUIPMENT AND PROCEDURES
A. EQUIPMENT.

The equipment listed in Table 2 was used during this program:

—— —————

TABLE 2. TEST EQUIPMENT
MODEL SERIAL
ITEM MANUFACTURER NO. NO.
VOLTAGE & TIME DATA LOGGER DORIC 205 20560

USE: To record charge voltage of each cell and length of time on charge, and

to record discharge voltage and time of each cell down to 1 VDC minimum.

PULSE CHARGER GEN'L RESEARCH LABS | GRL-P1 1

USE: To generate positive charge pulses by controlling frequency, duty cycle,
and amplitude of positive charge pulses.

PULSE CHARGER GEN'L RESEARCH LABS | GRL-P1/N} 1
USE: To provide McCulloch pulse positive and negative duty cycles.

POWER SUPPLY,DC CONSTANT CURRENT; HEWLETT-PACKARD 6024A 2126A-006A

USE: To generate constant current charge currents by controlling the charge
currents to fixed values,

SPRITE
ROTRON SU2A11 028267

To cool discharge load resistor during constant current discharges.

ROTARY FAN
USE:

RESISTOR, 10 OHM, 200 WATT
USE:

CLAROSTAT VK200WA -

As a load resistor to control discharge current at fixed, comnstant rate
of 1.2 amps for the 9 cells in series.

DIGITAL MULTIMETER WESTON 6000 040

USE: To measure constant current charge current and discharge current in
amps .

DIGITAL STORAGE OSCILLOSCOPE
USE:

GOULD l 054020 448/185

To measure charge pulse amplitude in amps, frequency in Hz, and duty
cycles of positive pulse, Romanov pulse, and McCulloch pulse charge
pulses. Also used to plot charge pulse configurations on Esterline-
Angus Model MS401B chart recorder from oscilloscope display.

CHART RECORDER ESTERLINE-ANGUS MS401B §-22087~1A

USE: To record charge current of constant current charges and cell voltages
during discharge.

DIGITAL MULTIMETER WESTON 6502 l 758

USE: To measure maximum and minimum voltages of cells charged.
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B. DESCRIPTION AND OPERATION OF SEALED NICKEL-CADMIUM CELLS

l. The nickel-cadmium cell is an electrochemical system in which the elec-
trodes containing the active materials undergo changes in oxidation state with-
out any change in physical state. These active materials are highly insoluble
in alkaline electrolyte. They remain as solids and do not dissolve while un-
dergoing changes in oxidation state. Because of this the electrodes are long-
lived, since no chemical mechanism which would cause the loss of active mate-
rials exists.

2. An important cell chzracteristic which results from these physical and
other properties is that the cell potential is essentially constant throughout
nearly all of the discharge. In the nickel-cadmium cell, nickel hydroxide is
the active material in the positive plate. During discharge the charged nickel
hydroxide Ni0OH goes to a lower valence state, Ni (OH);, and releases electrons
to the external circuit. During charging of the battery, these reactions are
reversed. The net overall reactions which occur in the KOH electrolyte can be
expressed as follows:

positive negative positive negative
electrode electrode electrode electrode

gigchargei
2NiOOH + 2H,0 +  Cd charge 2N1(OH)9 + Cd (OH),

3. A typical sealed—mini-nickel cadmium cell uses a cylindrical nickel-
plated steel case as the negative terminal and a cell cover as a positive ter-
minal., The plates, which are wound to form a compact roll, are isolated from
each other by a porous separator. An insulating seal ring separates the posi-
tive cover from the negative cover (as shown in Figure 1). Cylindrical cell
construction relies upon a tab or edge welded multiple connection for electrode
current conduction from both positive and negative spiral-wound plates.

4, Figure 2 presents a typical cell specification sheet.

C. DESCRIPTION OF CHARGERS FOR SEALED NICKEL-CADMIUM CELLS

1. To recharge a nickel-cadmium battery, a DC component of current must be
applied in a reverse direction to the discharge polarity. The product of the
average value of the applied current in amperes and the time of duration in
hours is the ampere hour input, AH., Various types of chargers can be obtained
or designed to suit particular operational requirements. Factors to be consid-
ered are: recharge time, method of charge control (if any) size, weight, input
pover, environmental conditions, and commercial or military specification
requirements.

2. Simple chargers for nickel-cadmium batteries can be half- or full-wave
rectified, filtered or unfiltered, regulated or uaregulated current limited AC
line power supplies. They can be configurated to slow (trickle) charge in 10
to 18 hours. Faster recharge times, from 10 hcurs down to 15 minutes, require
additional design features and active end-of-charge cutoff controls.
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3. As varied as the battery application becomes, so does the charger. De-
signing a battery system mandates careful selection or design of an appropriate
charging power supply.

4., The cell manufacturers can supply significant data to assist in the
initial determination of the design effort, but specific testing and data must
be generated before a final design is selected for use. Battery application
specialists and firms experienced with battery power supply manufacturing are
available to assist in these efforts or to support in-house design work.

5. Fast chargers, one hour or less, must be capable of sensing battery or
selected cell pressure, temperature, voltage or combinations of these para-
metric changes to effect reliable and safe charge control. Cell voltages alone
vary too widely for serious technical considerations. Temperature sensed on
each cell seems tractable if the charge rate does not exceed the thermal rate
of rise for tracking of internal cell pressure buildup.

6. Pressure sensing is extremely useful and reliable if room is available
for the incorporation of the required pressure transducers and/or pressure
adaptors and switch housings. A careful study of all factors can result in a
reliable, survivable, rechargeable nickel-cadmium battery pack.

D. DESCRIPTION OF LABORATORY PROCEDURES. Figures 3 and 4 present block dia-
grams of the charging and discharge equipment setups.

l. CHARGING. The sealed mini-nickel cadmium battery is charged by apply-
ing a direct current of proper polarity to the battery. The charging current
can be pure DC or contain a significant ripple component, half- or full-wave
rectified DC or some type of pulsating DC waveform.

a. The modes of charging used for this program were Romanov, constant
current, McCulloch, and positive pulse as follows:

(1) Romanov Mode {Asymmetrical)

(a) To effect the Romanov mode a charging circuit was config-
ured as shown in Figure 5, an autotransformer (Tl) was used to adjust the in-
put line voltage to a step—down transformer (Tz). The current path of power
diode CR; and adjustable resistor R; determines the positive portion of charg-
ing current and is measured as I+ The negative portion is determined by CR;
and Ry and is measured as I;.

(b) The composite charging current is measured as I3« A
typical waveform is shown in Appendix A. The ratio of positive-to-negative
current 1s selected and set by adjusting Rj and Ry. Fine control of the total
charge current is obtained by adjusting the autotransformer.

(2) Constant Current Mode. Constant current charging is the
charging of a cell or battery at a value of current which will have only minor
changes in magnitude from the start of charge and throughout the charge period.
Constant current charging was accomplished by using a DC regulated laboratory
power supply (as shown in Figure 6).

e e o -
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(3) McCulloch Mode (Positive and Negative).

(a) To effect the positive and negative pulse mode, a charg-
ing circuit was configured as shown in Figure 7. The positive and negative
pulse charger converts 115 VAC into an adjustable source of battery charging
pulses. The AC power is applied to a DC switching power supply.

ELECTRONIC ELECTRONIC
SWITCH® SWITCH )
DC
POWER o o~ y
| SUPPLY
. >
W CELLS) 3 R
g |
POSITIVE NEGATIVE
PULSE PUISE
CONTROLLER ONTROLLER
44 [ ] ; f 3
k5 E'pw e

FIGURE 7. BLOCK DIAGRAM OF MCCULLOCH (POSITIVE AND NEGATIVE) PULSE CHARGER

(b) The constant voltage DC output of the switching power
supply 1s applied across a series combination of load and electronic switch
(switching transistor). The electronic switch 18 turned on and off at the
selected frequency with pulgse duration and amplitude, corresponding to the
positive pulse controller and negative pulse controller. A typical waveform
is shown in Appendix A.

(4) Positive Pulse Mode. To effect the positive pulse mode, a
charging circuit was configured similar to that used for the positive and neg-
ative mode, except that only the positive portion of the controller was used.
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b. During each charge, individual cell voltages and the length of
charge time were recorded as follows:

(1) Charge pulses were measured by the Gould digital storage os-
cilloscope for pulse amplitude, pulse frequency, and duty cycle. From the os-
cilloscope's memory, the Esterline-Angus chart recorder plotted the charge pulse
configuration.

(2) The Esterline-Angus chart recorder also recorded the charge
current of the constant current charges and the cell voltages. Maximum and
minimum cell voltages were measured and recorded by the Weston Model 6502
digital multimeter.

(3) The Weston Model 6000 digital multimeter measured and set the
charge current.

(4) The time of charge and the increase in cell voltage of each
cell were measured and recorded by the Doric data logger each hour for charges
at low rate and every ten minutes for charges at high rate. For high~rate
charges of 22.5 minutes, however, these items were measured and recorded every
5 minutes. During high-rate charges, the cell voltages and charge time were
also recorded manually by the test engineer.

(5) When the required time of charge was completed for the rate
of charge, the charger was switched out of the charge circuit and the "open
circuit voltage” of each cell was measured and recorded by the Doric data
logger.

2. DISCHARGING. The cells were rested for one hour after charge, and
then discharged by the regulated discharge method shown in block diagram form, in
Figure 4, page 10, with a constant current power supply through a 10-ohm re-
sistor at a constant rate of 1.2 amperes.

a. The regulated discharge power supply was switched into the circuit
after the one-hour rest, and the cell voltages and the start of discharge time
were recorded on the Doric data logger, which was then programmed to record at
ten-minute intervals from the start of discharge. The .oltages of the cells
were also manually monitored and recorded by the test engineer.

b. When a cell decreased in voltage to 1.0 VDC, it was switched out
of the discharge circuit and bypassed. This time was recorded by manual ac-
tivation of the data log function of the data logger. The cell capacity was
then calculated by the discharge rate multiplied by the discharge time. The
discharge time in minutes was converted to hours. When 8 cells had discharged
to 1.0 VDC and been switched out of the ciruit, the voltage of the remaining
cell was monitored by the test engineer; when it reached 1.0 VDC, the regula-
ted discharge power supply was switched out of the discharge circuit. All
nine cells were then switched into the discharge circuit and the "open circuit
voltage” was measured and recorded for each cell.
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III. RESULTS AND ANALYSIS
A. RESULTS

1. During this program, a total of 495 tests were conducted. Table 3
breaks down the tests by cells:

TABLE 3. CELL TESTS

_____NO. OF TESTS _

TEST MODE & DE- |MAR|SAFT B|SAFT L{ GE PAN |SANYOJGOULD] HIT GE
TYPE CHARGE [SIRED] 1 2 3 4 5 6 7 8 9 JTOTALS
CONSTANT DC

High 17 17 17 17 17 17 17 17 4 1 124

Trickle] 11 11 11 11 10 11 11 11 5 1 82
PULSE +

High 9 9f 9 9 9 91 9 9 3 o] es

Trickle] 14 14 14 14 13 14 14 14 5 0 102
ASYMMETRICAL

High 2 1 2 2 2 2 2 2 2 0 15

Trickle 3 2 3 3 3 3 3 3 3 (4] 23
PULSE +/-

High 5 5] s 5 5 5 5 5 5 2§ 42

Trickle 5 S 5 5 5 S 5 5 5 1 41
TOTAL TESTS 66 64 66 66 64 66 66 66 337 5 495

2. The output capacity results of all tests are presented in Appendix B
(8 sheets). The charge curves of all cells were combined on one graph for each
test and are presented in Appendix C. The same was done with the discharge
curves which are presented in Appendix D. Computer plots of point=-by-point
data of output capacity versus test number are shown in Appendix E. The data
was analyzed for statistical significance, and the results of this analysis are
presented in this section. In summary, performance of the cells was as
follows:

a. Saft B and Saft L cells degraded badly over the coursa of testing.

b. Gould and Pananica cells improved with testing.

¢. GE cell (#4 above) was remarkably stable during all test
conditions. A second GE cell (#9 above) was added to the testing schedule for
verification of test data at test number 62.

d. Sanyo cell was second to the GE cell in stability.

e. The firat Marathon cell degraded after 25 tests (did not recover),
and was removed from the test fixture after 44 test cycles. The second
Marathon cell was subjected to 20 tests.

f. Hitanica cell was subjected to the last 32 tests and maintained 1
ampere hour output capacity until the next-to-last test.

14
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NAEC-92-161
B. DATA ANALYSIS (STATISTICAL REVIEW)

l. The GE cell was remarkably stable under all experimental conditions.
The next most stable cell, the Sanyo, gave a variance ratio relative to the
GE of approximately 6.04 which is significant at well over one part in a thou-
sand. Some cells showed a pronounced degradation over the course of testing
(most notably the Saft B and Saft L), and some cells exhibited a tendency to
stabilize (in particular the Gould).

2, The data of Appendix B was reworked as follows:
a. The Marathon cell data was dropped (the cell failed).
b. One aberrant value of 0.6 was omitted from the Saft B measurements.

c. Two values (the lowest) known to be faulty were omitted from the GE
data (a poorly soldered connection had been located in the test jig and
repaired). This left 7 time series to be examined; the smallest (Hitanica)
contained 32 tests; most had 66. Each series was smoothed by taking running
medians of 3 (consecutive data points). This was repeated until there was no
change. Next running triples were averaged using weights 1,2,1. Thus 1,3,2,
4,5,4,2,0 becomes 1,2,3,4,4,4,2,0 and finally 1,2,3,3.75,4,3,5,2,0. These 7
smoothed time series are displayed in Appendix F.

d. Histogram plots which indicate a normal distribution for the cell
data are presented in Appendix G.

e. An assessment was then made of the normality of the distribution of
the values for each of the time series. That is, we tested whether it is
reasonable to assume that the fraction of values less than x is given by

Gau( (x~-u)/0)

where z 2
t dt

Gau({z) = e - =
() = f_oxet- 51 2

The values for each time series were arranged in order of size and the nine
deciles (*) for the standard normal. Plots which are reasonably straight
indicate an approximate normal or Gaussian distribution. Probability plots are
presented in Appendix H. Finally, since these plots are reasonably straight,
one may employ F tests (probability tests) to compare the variances for each
series of values, and thereby assess the relative stability of each series. An
examination of the smoothed time series makes a number of points obvious: the
Saft cells both degraded badly over the course of the experiments; the Gould
cell actually improved; the Pananica cell improved over much of the range, but
fell off at the end. Table 4 gives variances for each of the time series:

(*) The I'M decile d(i) for the normal distribution is that real number such
that Gau(d(i)) - (1~1/2)/10, whereas the decile D({) for the data is &
value such that 1/10 of the observed values are less than or equal to D(i)
and (10-1)/10 bigger than or equal to D(1).
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TABLE 4. TABLE OF VARIANCES
Manufacturer Variance N Ratio (Var/GE)
GE .00117 64 1.0
Sanyo .00707 66 6.04
Gould .0110 66 9.4
Pananica .0206 66 17.6
Saft L .0224 66 19.1
Saft B .0390 65 33.0
Hitanica .0701 32 59.9

The variance as a measure assesses variability, and clearly the GE cell is far
more stable than any of the others. Variances are computed via

n

2 1 - 2

8¢ = —=— ] (y;~Y)
n-1 i=1 i

where n is the number of observations, and

_ n
Y = Z Y;

1

S

1

This so—called F ratio with 65 degrees of freedom in the numerator and 63
degrees of freedom in the denominator is significant at well over one in a
thousand. The other F ratios, 9.4, 17.6, ... are even more so. Thus the GE
cell is really very different from the others (more stable and consistent in
output capacity).

f. On the other hand

Var(Pan) = 1,87 = Fs
Var(Gld

and this is not significant at, say, the 2.5% level, and these two cells may be
regarded as equally variable (or stable). The graphs in Appendix H make clear
not only the stability of the GE cell but the tendency for the Pananica and
especially Gould cells to improve. Clearly the Saft cells are degrading over
the course of the experiment.
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NAEC-92-161
C. CALCULATIONS

1. The input capacity of Sub "C" cells in ampere hours was calculated as
follows:

Ampere hours of input capacity = (net average current) x (hours of charge)
where t, t,

Net average current (Ich)= ~q%—- i (vdt - i_(t)dt

0 t
2. The output capacity of Sub "C” cells was calculatad by multiplying:

(Dischafge constant current) x (hours of discharge) = output ampere hours.

3. The fixed load resistor to control discharge current at a constant rate
was determined by the ratio of:

DC voltage of cells in series (OCV)/1.2 ampere

constant current = fixed resistive load

Ry = 'DC
Icc

0-t, = Pulse width of positive portion

t %4 = Pulse width of negative portion
1

T= = Period of waveform

F
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IV. CONCLUSIONS

A. For sealed mini-nickel cadmium cells there is no significant difference in
the ampere hour output capacity as a function of charge input techniques. The
result of this study reinforces earlier investigations. However, our study has
shown wide variability among the tested manufacturers individual cell perform-
ance as measured by output capacity with cycling.

B. The General Electric cell had greatly superior stability characteristics as
compared to most of the other cells tested. Its variance was a minimum of 6
times to a maximum of 60 times less than the other cells tested.

C. The characteristics of cells can be typed to a particular manufacturer.
When this data is known, an effective charge system can be implemented.

V. RECOMMENDATIONS

A. As a result of this work, it is recommended that similar variance studies
be performed on all cells and batteries made by various manufacturers.

B. New charge control techniques should be investigated to minimize variance
in battery performance. These studies and their results will lead to improved
reliability in field use battery systems.

C. Pressure control switches and electronic peripheral protection circuits,
for example, are now available for end-of-charge and for end-of-discharge con-
trol. One such unit containing these controls is Model BB-542/U, manufactured
by Frezzolini Electronics Inc., Hawthorne, NJ, and 1s now in use for military
radio communications. It is recommended that this technology be used for all
future sealed mini-nickel cadmium battery system applications.
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APPENDIX A - TYPICAL CHARGING WAVEFORMS
TEST NO. 45 - CHARGED AT IAverage = 0.150 Amperes
FREQUENCY AT 60 Hz
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FIGURE A-1, TYPICAL CURRENT CHARGING WAVEFORM ASYMMETRICAL

21 (A-1 of A-3)

e ST P T s b v R AL T | T A e etk e e e ¢
b .




EC-92-161

h

rage)

0.20 Amperes

Frequency @ 10Hz
0.50 Amperes (Ave

Positive Current Pulse

average

- CHARGED AT I

NAEC-92-161

TEST NO. 64

[E— gy ‘\j R—y gy [ 3 presssny Py oy ﬂ H
Ui U
v + - - i
. .y \ .
ST LN e |
e~ g e e e e T L B ] [ SR
“1 s - w - v.. w 1
W-;_ i 8 ot Sinburnt I O i
~ - F S VN G 4 : e
[ SRRV SIS! RSP S SO T s S D A

1002 . B0 11260 . | 40 = 2922770

[
.
%

——y-

0.30 Amperes (Average)

20% Duty Cycle

TT
t
i
i
1
}
1
4
1)
]
]
4 A}
i
|
4
I 1
l
Negative Current Pulse

i
ik
e

u;l
T4
2iad

i
i !

g
“c
L
a\.,.‘
\\\\:i“l
lYl’ '4
iy

iy

ol

it
r

KT

1
1
t
|
Current Scale |

_0.67 Amps/cm

50% Duty Cycle

T

22 (A-2)

TYPICAL CURRENT CHARGING WAVEFORM MCCULLOCH (POSITIVE/NEGATIVE)

X
3
o
B 9 N LU ¥ gt it g
rBuss I AN A S N |
ol 3o V% rm.‘.ci +
It AN O
A+ »“N 10 VY NS p l.&-;*
it a SRUDURE SICRURARE) VDI D SN
8 MRl A G N /,r, iatel St & Lools iouiiping o
PR R JUBQE B2 S QU S JO SN S [ .
i s pe (et o) et PR P e
n v P -~ —— - - -
dam e fop—t FHL 4 et b e —-— Bt TR Y s R m
- HEIFERS IR I S S OTEDEE IRUUL S e -
AT W NI»HH; &.\O_IO‘T:LLAT.H M1»| ..A - .L'r..x-l!.un
AT SO SRS s nnv.\s bt b b ey = o
i - — ‘M‘ R '~ T.| w‘flrlt — el _<.| '“. L
10071128072 7260, Gl 140 711202001170 O N
sy S - 10 Juii N - S ¢ o =2
| YRR SRDEDEIE SR NI S ..ZNW!.L RN e e

[N (UQUURUTNS SN S SO e . | SSPS Sh D I

Reference
FIGURE A-2.




|

e wan oy e S s o il e e T T S T W GE e W e

m’

TEST NO. 22 - CHARGED AT IAverage = 0.080 Amperes

FREQUENCY @10Hz
K POSITIVE CURRENT PULSE

0.080 AMPERES (AVERAGE)
50% DUTY CYCLE

N AT TR D ST
AV :[4J1~.;;y S dlrH F’||I1
1 p b P [RERE ridie l»-‘___} ‘:'
‘ AU A AL ; i
5 Wi A SRRl
A Jii ____M}g,{_p_
AT O T 110
el gPiPen rdb% 1 1O
+ ”/j}'/ ALTHAA AL
! | A &b /":VA nful LT o,.L
vt }/:;?‘:? AT AT T 1904
Higisldigdis%e besh b HH T
Reference et 4 / A ‘ ) ; e
T HHTTE [ T T lt it
B 4 ‘ _ - »A“
LTS AT HHTHEE T Oty
T il
HHH ST TR L H L
U YRR C 1 EH ' S JIRARS
SARAROREEISE TRRNIN: }
B R e
ST T T
A T 13t H i

CHART SCALE —=— CURRENT S ec}
12.5ms/cn 0.04 AMPS/cn

ESTERLINE A

NAEC-922-161

FIGURE A-3. TYPICAL CURRENT CHARGING WAVEFORM POSITIVE PULSE

23 (A-3)

. ——— —— e =




{th

NAEC-92-161

A

921

JU3J44Nd JuelsSuod sduy 2°|
je Sajnujw § anoy | 404 pabuaey)
6 1531

AN

a2t

9L

W 001 3¢ abaeyd
31)2143 © e sanoy /| J4oj pabuaey)

8 15831

¢t

¥6°

02t

JU34J4ND JULISUOD
sduy 2°| 3e 4noy { 404 pabuaey)
L 1S31

AN\

26°

0e'L

20°1

12081

JU944ND JURISUOD
sduy 2°1 3o anoy | 404 pabaey)
9 1S3l

0°L

10°L

8¢ L

00°1

et

0c°L

80°L

as(nd sduy z°| 3@ ZH AInp %06
e pue zY / 3I° ULl /G 404 pabuaey)
§ 1531

¢t

90°L

el

86°

veL

et

80°1

Jud4and Jue}SU0d Sauy 2° L
Je SajnuL Q| 4noy | 404 pabaey)
¥ 1S3l

A}

ve'L

rAV |

82°1

91

U344ND JueSU0d sduy 2°|
J0 Sajnuiw g} 4noy | 403 pabaey)
€ 1531

0°1

L

20°L

oe’L

oe"tL

JUSJAND JULISUOD SAUWN 2°{
1@ S3ajnuLW G| 4noy | 403 pabuaey)
¢ 1531

0"t

g2l

it

85°L

00°1L

130 |

te'l

“el 09 3¢ abaeydo|

31YOL43 © Je suanoy Gz 403 pabaey)
L 1831

(Sdwy)
EIR}

JdVHISIA

LIH

L
aino9

9
OANYS

S
NYd

14
19

€

1 Ld4YS

g Ldys

100 _SYNOH 3d3dhy

e ——

NOILdI¥IS3A/"ON 1S31

J 9nS ONILS3L 713D

S17nS3¥ ALIJVdY) LINdINO - 8 XIGN3ddv

~~
o]
]
m
W
(<]
3
N
vy
~




NAEC-92-161

2t

8¢°L

) A

00°L

ve L

3@ suanoy

‘e 08
02 404 pabaeys apyotd]

8l 1S3l

2’1

1728}

02°L

20’1

201

sduy 9 3@

JU3AAND JULISUOD
sajnuLw §| 40j pabuaey)
L1 1S3

2’1

veL

92’1

20’

80" L

sdwy G 3je

JUaJa4ND JUPSUOGD
sajnuiw /| 40y pabaey)
91 1S3l

A\

A1

or°tL

90° L

0ctL

82°1

sduy ¢ je

JUBAAND JULISU0D
sajnuLw |2 404 pabaey)

Gl 1531

2’1

Vel

121

vo° L

8¢'1

oe"L

sduy ¢ 3e

JU34JND JueISUOD
sajnuL g2 404 pabuaey)
vl 1S3l

2t

LA

et

0L

02"t

sduy p e

JU3a4ND JULISUDD
sajnuiw g2 404 pabaey)
gl 1531

91

9€°1

00°1L

821

je sanoy

‘oW 98
gl 403 pabaeyd aydL4l
¢l 1531

A\

¥8°

Lol

20 L

sduy ¢ 3@

JU344ND JUPISUOD
sajnuiw 2z 403 pabaey)
1t 1531

AN

06"

el

96"

80°1L

AR

sduy 2 je

JU3J44NI JuUPSUOD
sajnhuiw /¢ Joy pabuaey)
0ot 1Sl

(SdWv)
ILVY
NIYHISIA

1IH

g1nga

OANYS

g
Nvd | 39

12

€
1 _1JVS

g _1dYyS

100 SHNOH J¥IdHY

J 9nS ONILS3L T3)

NOILdI¥IS3a/°ON 1S3L

SLINSIY ALIJVAVI L1NALINO

26 (B-2)




¢’

ve't

6L°L

1A

90°1

¥8°0

as(nd W QG| 3@ ZH OL '3[2AD

AInp %Gz 3@ sanoy p| 4oy pabuey)
2 1531

NAEC-92-161

R 2°1

§¢'1

a2t

8e°L

86°0

Lot

£€8°0

as|nd auadwe zZ*'| ZH § *9[IAD
Anp %52 3e Janoy /-1 404 pabuaey)
92 1S3l

2’1l

et

gl

151

00°L

00°1l

96°0

as|nd ey OGL 3© zH G 304D
A3Inp %62 3e sanoy | 404 pabuaey)
G2 1531

¢t

4 |

vl

0s°L

ee’ |

as|nd ey 0G e ZH G ‘324>
A3np %62 3e sanoy $2 J04 pabaey)
¢ 1S3L

¢l

vet

0¢°L

8h-l

el

‘BW 06 1@ ZH G *3|9AD AInp %0G e
‘upw Qg sanoy g| 404 pabaeys as|ngd
€2 1531

2’1

82°1

el

85°L

0s°L

‘el 08 3® zH OL “@1d2Ad AInp
%06 3© sanoy /9 Jaoj pabuaeyds asing
22 1531

'l

ve'l

82°1

or-l

ge°l

02°t

00°1

"Bl 08 1@ ZH 0Z ‘312AD Anp
%06 2@ S4noy |2 404 pabaeyd asing
l¢ 1531

A}

8¢l

Wl

Lt

951

0s5°1

A

‘el 0G 1e s4anoy Gl pue “ey 006
Je sanoy £ J404 pabuaeyd a(RaLda]

02 1S3l

2’1

b2l

op°L

00°1

ol

09°

09°

“eW 08
1 sanoy g| 40j pabaeyd No14)

6l 1S3l

(Sdwv)
Ivy
HYVYHISId

11H

9
0ANYS

S

v

Nvd | 39

€
1 1d3VS

8 _1JyS

L YvW

110 SYNOH_3H3dHY

J 4NS ONILS3L 113D

NOILdI¥IS3A/°ON 1S3L

S1INS3Y ALIJVdY) L1NdLiNO

27 (B-3)

&
i
{

g 77, A T




NAEC-92-161

|

9%’

T |

8t L

€0°1L

gLt

0L

6t°0

as|nd aJadwe G°{ 3° ZH OBY
3[2h> Anp g6z 3e 4noy | +0j pabaey)
9¢ 1531

't

et

te°t

12201

86°0

90" L

6°0

£9°0

as(nd ey 0S[ 3° ZH 0¥2 “319A°
A3np 262 3o sanoy p| 4oj pabaey)
G€ 1S3L

¢l

8L

82’1

) A1

80°L

89°0

asnd aJadwe 00°2 3° ZH 02
9192 Anp %Gz e Jnoy | 404 pabaey)

ve 1S31

't

92°1

0¢°1

1] A |

€0 L

09°0

as|nd aJaduwe 0z 32 ZH 02l “9LIAD
INp %62 e upw G| 4noy | 4o0j pabaey)
€€ 1531

el

821

9’1l

96°1

oL

-l

£9°0

asind el 0SL 3® ZH 0ZL °*91dAd
Aanp 362 3e sanoy p| 403 pabuey)
2t 1S3l

'L

TN

LT |

Sh°L

o't

SL°L

S5°0

as|nd aJadwe Gz2°{ 3° zH Q9 °3dAD

AInp %62 e anoy /|- 404 pabaey)
L€ 1531

¢l

8¢l

es° L

90°L

80°1

08°0

“as\nd W G2 3¢ ZH 09 ‘9[2AD
AINp %Gz 1@ S4N0Y 29 403 pabaey)
0¢ 1S3l

A

2\

6v°L

20’1l

9L

¥8°0

as|nd ey 0SL 3@ ZH 02 394D
A3np %62 e sanoy | 4oy pabuey)
62 1531

¢'1

02°1

6t L

06°0

1670

0L°0

sgnd auadue 2 3 ZH QL “@19Ad Anp
%62 3@ ujw G| Jnoy | Joj pabaey)
82 1531

(SdWY)
AW
9YYHIS 1A

1IH

0Q9

QANYS

S

14

Nvd | 39

ENELD

8 14YyS

100 SHNOH 3d3dHY

e ———

J 8nS 9NIL1S3L T1713)

NOILdI¥IS3a/"ON 1S3L

SLINS3Y ALIJVAY) L1NdLNO

28 (B-4)

B O




m as|nd |ediajaumAse ‘zH Q9
& FAR 82°L |92°L |82°L |8y’ L |20°L]| LO°L | 86°0 ‘el 0GL 3@ sanoy p| 404 pabuey)
M St 1531 .
“ JUadJND JUeSU0D m
= 2’1 ge"L Jse Ll (L2 L[Sy L [vO"L | LO°L | G96°0 {82°0 eW 0GL 3@ sanoy f| 404 pabaey)
b 1531
UBAAND JURISUOD
rAN} gerLi6L L (b2 L |20°L{90°L | S6°0 | L6°0 |OL°O Vb © sajnuiw 2/1-g2 403 pabaey)
£y 1S3l
JU3J44ND JURISUOD 1
A | 9b°L [82°L |2€°L |6E°L [vO'L | OL'L| ¢6°0 (80°0 Vb e sajnupw z/1-2z 404 pabaey) M
2y 1531
JUB4JAND JURISUOD
AN | pooL|2ecL |82 [49°L eLL| v6°0 | b0 eW GOL e sanoy Q9 404 pabuey)
v 1531
JUS4AND JULISU0D M
AN} 6E°1 |S2°L |G L JvE"Lj20°L | 60°L | 96°0 |L¥°0 sduy G°| 3 anoy [ 404 pabuey) ~
ot 1531 &
asind ey OSL 3I® ZH 009 °d12Ad
FAN | Sy L(OE"L |82l [¥S°L gL'L| ¢t 990 AInp 352 3@ sanoy p| 404 pabuaey)
6€ 1S3l
p asind sJadwe Gg*| 3® ZH 009 :
rAN | gp L |0 L |z Llop L |v0°L | €L°L | 20°L |85 0 faLoAd Anp %52 3@ 4noy | ao0j pabuaey)
g€ 1S3l
as{nd ey 002 1t zZH 08P 'B1dAd
AN IS'tjLeLiseLflsL|p0°L| OL°L)] 00°L|99°0 £3np %Gz e sanoy G| 4oy pabuey) )
L€ 1S31 ,
SdiY) 6 8 L 9 S 1/ £ 4 L NOILdI¥IS3G/ ON LS3L
EIR} 39 LIH [QINO9[OANYS! Nyd | 39 |7 14vS(g 14YS{L YVW
394YHISIA _AN0 S¥NOH_Jd3duy
J 9nS ONILS3L 113D S1NSIY ALIOVAVD 1NdinD

- - anh ap» o -m—— - -y -— ——— - aam - w——— n— — - -




NAEC-92-161

B gy

mvanig [ oman ] 1 [ e L anatl ] -y Lasl -

¢t

¥6°0

G2t

6€°1

901

56°0

28’0

92°1

W G2l TZH 02 ToL9A0
A3np %62 3 sanoy p| Joj pabaey)
5 1531

AN

26°0

YA |

90°L

96°0

¥8°0

£l

JUB44nd JUeISUOd o (0S

3@ S4noy G| pue *Juds4nd JueIsuod
eW 006 3® S4noy ¢ 404 pabaey)

€6 1531

¢t

1o-t

0c°t

00°1

56°0

08°0

el

JuU3J44nd JuUeISUOD
‘sduy p 3° Sajnuiw G2 404 pabaey)
2§ 1511

¢l

68°0

6C° L

G6°0

£8°0

8L°0

€Lt

31243 AInp 205 “ZH 09
‘sduy gz 30 sajnuLw Gg 404 pabuaey)

1§ 1S31

A\

0t

921

vl

€01

201

98°0

el

919A2 AJnp %206 °S9|9AD (9
eW 05 € sanoy (g Jos pabuaey)
0s 1s3L

2’1

ve°1

ve't

ol

vo°L

¥o°1

88°0

et

JUdA4ND JuRISUOD
W 0Gl 2® sanoy | 404 pabaey)
6 1531

A}

X

26°0

WL

oLt

06°0

16°0

X3 §

as{nd (edrajaumise ‘zy 09 °sdwy
2°L 3® “ulw @z 4noy | 40j pabaey)
8b 1S3l

¢l

9€° 1

0e°l

15°1

£0°1

10°1

68°0

gLl
¢ vy

as|nd [eotu33umiAse *ZH 09
‘oW 0GL 3© sanoy z| 40j pabuaey)
Ly 1S3

AN

A A\

ot

9

091

20’1

gLt

¥6°0

as|nd [edtay2umASe *Z| 09
sduy G2°t 3e sanoy 2/{-| 404 pabuey)
9% 1531

{SdWy)
vy
194YHISIQ

1IH

aing9

9
0ANYS

S
Nvd

14
39

£
1 14vS

L INEL

100 SHNOH 3Y3dWY

NOI1dI¥JS3a/°ON 1S3L

J 9nS ONILS3L 7130

SL1INS3Y ALIJVdYD LNdLNO

-

30 (B-6)




NAEC-92-161

¢l

{2670

Get

aztLjorL |vo°L

86°0

28°0

82’1

ZH G oW 007
as|nd aatjebau %06 “@AL3isod %0G
fsajnuiw 0z s4hoy | 404 pabuaey)

09 1531

AN

¥6°0

el

Leet et jectt

96°0

LL°o

2l

as|nd aALjebau pue

aAl3lsod “ZH 0L YItMm 20 V2°L
‘sajnut | 4noy | 404 pabaey)
65 1S31

AN}

L6°0

82l

0Z'l [8E"L |€0°L

660

08°0

9L

B4 0G1 “ZH OL °3LdAd
A3np aAal3ebau 206 aAl3sod 206
sajnuiw O sahoy || 404 pabuaey)

89 1S3l

AN\

L6°0

¢t

2°1 {v0°1

96°0

¥8°0

2zt

sadaduy G2°1 *zH O ‘o194
A3np aAapjebau %05 ‘aAl3isod 205
‘sajhutw g Anoy | 404 pabdaey)
L6 1531

2’1

00°1L

el

8E'L {¥0°L

26°0

¥8°0

€71

oW 001

“ZH 0l ‘31242 AInp aAaprebau 205
aALIlsod %06 *sanoy 20 40y pabaey)
9g 1S3l

2’1

96°0

AL

6e°L |€0°L

26’0

¢8'C

ey

0SL zH Ol 3194> A3np 3Aljebau %62
AAL3Lsod %62 sanoy 9| 40y pabdey)
§S 1831

(SduWy)
vy
QYVYHISIA

1IH

aino9

14

9 ' G
OANYS] Nvd | 39

£
1 14VS

g 14yS

110 SHNOH 3¥3dHY

NOILdI¥DS3G/ 0N 1S3l

g
~— - —— - - - - - - -—— -— - -

J 8nS 9NILS3L 1132

S1INS3Y ALIJVdYD 1ndin0

31 (8-7)

—e— -

o W

17




NAEC-92-161

A}

20’1

G6°0

TN

-\

X |

1V

S6°0

€L°0

8¢°L

JU344ND JURISUOD
‘el 00l 3° S4noy 9¢ 404 pabaey)
99 1S31

't

20°1

20"l

0¢-1

82’1

12 |

-t

c0°L

8L°0

8e°L

U3JAAND JULISUCD o 0G|
3% SUNOY £ pue JUBAIND JURISUOD
adaduy 2| 3@ Aanoy | 404 pabaey)
69 1S3l

'L

20°1

20’1

0¢°t

821

8t L

¥0°L

86°0

¥9°0

oe"t

ZH oL ‘@sind 3|2Ad> Ajnp

aALjebau g0z *asind aAl3Lsod %0S
‘oW 002 3° sanoy p| 404 pabaey)
9 1531

AN}

1o°t

16°0

AR}

| 72N

¥6°0

$0°L

£8°0

8L°0

veL

ZH oL ‘esind aAljebau %2

pue asind aAL3isod 324> AInp %05
‘°yy e sajnuiw zz 404 pabaey)

€9 1Sl

'L

20°1

00°1L

1728}

92°1

et

c0°1

90

8L°0

9L

as|nd aALjebau %2 pue

‘sauadue G| ‘zH ¢ *as(nd aAgjisod
31942 A3np %0z *4noy | 404 pabaey)
29 1S3l

¢l

L6°0

betL

ve°1

8" 1

oL

86°0

6,°0

821

as(nd 9A}3ebau 1z pue BN 002 ‘ZH G
‘asind aAap3jsod 3242 LInp %02
sajnujw Op Sanoy 2| 404 pabaey)

19 1531

{Sdhv)
AWy
I94VHIS 1A

1IH

aino

9
OANYS

S
Nyd

14
39

€

1_14vys

8 _14vS

rAR-\L.

__1N0_SUNOH

Jd3dny

NOILJI¥IS3A/ ON 1S3l

J 9nS ONILS3L M3)

SLINSIY ALIIVAYI 1nd1NO

32 (B-8)

lam




—"
NAEC-92-161
APPENDIX C - CELL CHARGE GRAPHS
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l. H
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»1>2 ~ | 7 . PEAK NEGATIVE DUTY CYCLE, 10 HZ, ]
4 AMPERE PULSE, HIGH RATE CHARGE ! ~

. ¢ — ——

NS T e oo T =
et }
T -
= < — S R P Sepretey i Sy ]
Lsd N «l— \9._ e JREEIETE T T PO P, '_Jf" X
— =« A NN AU SR R SR o
A= S S S i
1.40
IS SR, i -y
iy S :
A ——— " at— — —— . —— > v — —— — L
1.30! T - — .
e - e e el e { P S S o - !
_ - — — . +
AU W S R ) U, + ——— e '
c—— _— - —_—1
1,200 '

1. MARATHON 5. PANANICA !
2. SAFT (BUTT) 6. Sanyo 9 - G.E. ‘
3. SAFT (LUG) 7. GOULD ‘
& G.E. 8. HITANICA .

54 (C-22) ‘




(- 2.0 2.0

. NAEC-92-161

HOURS
8.0 10.0 12.0 14.0 16.0

1.8¢
SRNSURY I S e CHARGE CURVES —
IR S 4. - CELL VOLTAGE VS. CHARGE TIME _
SR USRI S S - —_— e
N -f [ I R I TEST NO. 64
1.70 14 HRS, 50% POSITIVE/20% NEGATIVE |
1. L DUTY CYCLE, 10 HZ, 200 MA PULSE,
R S 1—=-==-={ - -~ = | - = TRICKLE CHARGE
e | 1T T YT — 17 ¢ "7} TTely T T
- - — — —_————— e -
Prom e e —————
- Sy S
- [ S
1.50 8 !
- .7
.- bq *
v | T T2 s
— —jL.-— -
3] A— e
1% — e e —
2'§ g s a— —_— - —-—L -—
g — B fea ‘
1.20 _ . T . T

4.0 6.0 8.0 10.0 12.0 14.0 16.0 18

CHARGE CURVES —_— ’

..:-:::% oo T T o CELL VOLTAGE VS. CHARGE TIME _ |
] SR R T T _——1
1.70 TEST NO. 65 —] |
T o T T T T - 1HR, 1.2 AMPERGS CONSTANT CURRENT

- ——e—t— -

c—- b — e

1.60

B et IR S RIS PEEETEEE S S Sk Shainatnsmy St

AND 3 HRS, 150 MA CONSTANT CURRENT

. i
Y R SIS (VR SR SRR TR SRR

ceme b —eee il o= = —F - -7 HIGH RATE CHARGE — i

—-— e - i = d e v b m—aee — e e . e

- . . ee mmderm temmie e niem—— e —

1

...r____._-_r'- R i il el sttt \
|

1'50 - - :w ——t mce— s meep oo eSS b - . = . e | ¢ Sr— . ¢ Sm——
N L—- ) S f' —_——— 4
== s e W Wt g S ﬁ

ST IR I +—

e s dn e e e b d —— e - ————— e - :
. Y E S ,
I WIS RIS —_— e ——— e ———- .1,-

1. MARATHON
2. SAFT (BUTT)
3. SAFT (LUG)

- 4. G.E.

- ———

TPANANICA 9 - G.E.
¥
'.nmmuss (c-23) l




AD=ALL9 826

UMCLASSIFIED

20 2

FREZZOLINT ELECTRONICS INC MAWTHAONE NU GENERAL RESEA==ETE F/0 10/3 .
TECHNICAL INVESTIGATION REPORT: SEALED MINJ=NICKEL CADMIUM BATT==ETC (1))
SEP 82 J CRAWFORD: R § PINKHAN NOBYSS=81-(-0%02

k NAZC~92-161 NL

.‘

END
DAt
fumen

I 82

bIg




APPENDIX D - CELL DISCHARGE GRAPHS
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APPENDIX G - HISTOGRAM DATA PLOTS

TYFE riervo.aal
STEMLERAF SAFTR

0614
0713708809
0100222444689
0911244567778
1010022264778
1110122246488
121000016488
131002344
141
1510

STEMLEARF SAFTL
08133
091022555556664888
101122246677889
111000122333334444455566
12101444868
13102344
1412
15106

STEMLEAF GE
9010
921
9410
9610
281000
00100000000000
0210000000000000000000
04100000000000000000
061000000
03100
101000

STEMLEAF FAM
0914
10127
11149
1210002464778
13101344468808889999
14100000234445555646646889
151011124688
16177
1712

FIGURE G-1, HISTOGRAM DATA PLOTS
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STEMLEAF SANTYO
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181

2010
YOUTFUT

FIGURE G~2,
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GLOSSARY OF TERMS

auto—transformerecccccsccccscssccessesa transformer that provides a Voltage
change with no dissipation.

charge pulse magnitudeecccesescsssseesoevalue in amperes of charge pulse.
chatge rate...........-..-...........-amplitude of charging current.

charging timescsececsscsssccssocssesscthe time required to achieve the required
input capacity for a given charge rate in
amperes.

duty cycle.....-........-..........,..charging current pulse width as a
fraction of repetitious interval.

fixed load resistoresscscccesescecescsa resistor of a fixed value selected to
control cell discharge at a fixed
current.

high rate charginge.ceececssceccecsccsocharging with high current for a short
period of time for a determined capacity
input.

McCulloch modessssecssscosscssscesseeeeis a positive and negative waveform with
adjustable duty cycle current amplitude
and frequency.

MEANe ccvcsosssccsscscsnssssssscssscssssthe average value of set of data.

pulse frequencyssceccescsscscsssessessecycles per second or hertz.

Romanov mod@ecesccscsccsscscsssesscesecls an asymmetrical wave form which
positive half cycle is different (in duty
cycle and current amplitude) than

negative half cycle.

smoothed time seriesceecccvecscsscssssthe discharge data analyzed for an
individual cell over the range of tests.

trickle chargingecccccececesssscscscsccharging with a low current for a long
period of time for a determined capacity
- input.

variance..........-...................the variance of a sample is a measure of
the spread of data about the mean.
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LIST OF ABBREVIATIONS/ACRONYMS
AND SYMBOLS

A.......anpere
AH......ampere hour
C.v.....charge rate
CcC......constant current
CPS.....cycles per second
DC......direct current
EXP.....exponentlal
F.......ratio of variance
GAU,....Gaussian
GE......General Electric
GLD.....Gould
H.......high-rate charging

HIT.....Hitanica

Hz......hertz

T.......low-rate (trickle) charging
MA......milli-ampere
N.......number of observations
PAN.....Pananica
R.......resigtor
S.......variance
U.......population parameter
V.......voltage

VAR.....variance

yi......value of output capacity

¥.......mean value of output capacity
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